Bombyx mori macula-like virus (BmMLV) is a positive, single-stranded insect RNA virus that is closely related to plant maculaviruses. BmMLV is currently characterized as an unclassified maculavirus. BmMLV accumulates at extremely high levels in cell lines derived from the silkworm, Bombyx mori, but it does not lead to lethality and establishes persistent infections. It is unknown how this insect maculavirus replicates and establishes persistent infections in insect cells. Here, we showed that BmMLV p15, which is located on a subgenomic fragment and is not found in plant maculaviruses, is highly expressed in BmMLV-infected silkworm cells and that p15 protein is required to establish BmMLV infections in silkworm cells. We also showed that two distinct small RNA-mediated pathways maintain BmMLV levels in BmMLV-infected silkworm cells, thereby allowing the virus to establish persistent infection. Virus-derived siRNAs and piRNAs were both produced as the infection progressed. Knockdown experiments demonstrated that the exogenous RNAi pathway alone or RNAi and piRNA pathways function cooperatively to silence BmMLV RNA and that both pathways are important for normal growth of BmMLV-infected silkworm cells. On the basis of our study, we propose a mechanism of how a plant virus-like insect virus can establish persistent infections in insect cells.
Introduction
Maculavirus is a plant virus typified by Grapevine fleck virus (GFkV). 1 The genome of GFkV is a 7,564-base-long single-stranded RNA containing four putative open reading frames each of which encodes replicase (RdRp), coat protein (CP) and one or two prolinerich proteins with unknown functions. The RdRp and CP are phylogenetically related to the corresponding proteins found in members of the genera Tymovirus and Marafivirus. The host range of maculaviruses is restricted to European and American Vitis species, but their vectors have not been identified. In 2005, we identified a 2,379-base-long cDNA clone from the cDNA library of the silkworm Bombyx mori ovary-derived BmN-4 cell line, which had significant homology to the rdrp and cp genes of GFkV. 2 Northern blot analysis showed that two transcripts of 6.5 and 1.3 kb are expressed in BmN-4 cells and the shorter transcript is likely a subgenomic fragment containing the cp gene. Cloning and sequencing of the full-length 6,519-base-long cDNA revealed that this RNA contains three putative genes: rdrp, cp and p15. The putative p15 protein does not show significant homology with any known proteins, although the RdRp and CP exhibited high homology to those of GFkV. Virus-like particles containing this maculavirus-like RNA were purified from BmN-4 cells and isometric virions 28 to 30 nm in diameter were observed under electron microscopy. We termed this novel RNA virus Bombyx mori macula-like virus (BmMLV). BmMLV is currently characterized as an unclassified maculavirus. 3 BmMLV was detected in seven out of eight cell lines derived from B. mori, but not from two other lepidopteran cell lines Spodoptera frugiperda Sf-9 and Trichoplusia ni High Five. 2 Infection studies revealed that persistent infections with BmMLV are not established in Sf-9 cells. 4 The level of BmMLV cp RNA in BmN-4 cells is comparable to that of a housekeeping gene Actin3 in BmN-4 cells, 2 indicating that BmMLV accumulated at extremely high levels in persistently infected silkworm cells. Recently, we found B. mori embryo-derived VF cells that have not been infected with BmMLV. 5 We successfully established VF cells persistently infected with BmMLV (designated as VF-MLV) without strong cytopathic effects, suggesting that BmMLV has a potential to establish persistent infections in silkworm cells. At present, however, it is unknown how this 'insect' maculavirus replicates and establishes persistent infections only in silkworm cells. In this study, we performed transcriptome analysis of silkworm cells acutely or persistently infected with BmMLV and found that BmMLV p15 is highly expressed in BmMLV-infected cells. Further experiments using infectious cDNA clones showed that p15 is essential for establishing BmMLV infections in silkworm cells. In addition, we observed a gradual decrease in BmMLV RNA during the establishment of persistent infections. Small RNA sequencing and knockdown experiments revealed that BmMLV RNA-derived small interfering RNAs (vsiRNAs) and PIWI-interacting RNAs (vpiRNAs) play essential roles in establishing persistent infections in silkworm cells.
Materials and methods

Cell lines
BmN-4 cells (provided by Chisa Yasunaga-Aoki, Kyushu University, and maintained in our laboratory) 6 were cultured at 27 C in IPL-41 medium (Applichem) supplemented with 10% fetal bovine serum. VF and VF-MLV cells (established and maintained in our laboratory)
were cultured at 27 C in IPL-41 medium (Applichem) supplemented with gamma ray-treated 10% fetal bovine serum. 5 
Transfection and Western blotting
Transfection of VF cells with BmMLV infectious clones and Western blotting with anti-CP and Actin antibodies were performed as described previously. 5 cDNA clones pHMLV-Dp15 and pHMLVp15DMet þ Stop were generated with a KOD -plus-Mutagenesis Kit (TOYOBO) using pHMLV 5 as a template.
RNA-seq
RNA-seq experiments were performed as described previously. 7 RNA-seq libraries were generated from total RNA samples prepared from BmMLV-infected VF cells at 0, 6, 12, 24, 48 and 96 h postinfection (hpi) and 2 weeks post-infection (wpi), and from VF-MLV cells using the TruSeq RNA Sample Preparation Kit (Illumina). The libraries were analysed by the Illumina HiSeq 2500 platform based on 100-bp paired-end reads according to the manufacturer's protocol. De novo assembly of RNA-seq data from eight data sets was performed using Trinity. 8 The transcript abundance in each contig was quantified by RSEM. 9 Differentially expressed genes (DEGs, P < 0.005) between 0 hpi and other samples were identified by DESeq. 10 We selected 150 DEGs with more than 30 transcripts per million in any data set. Raw RNA-seq data were also mapped to the BmMLV genome by TopHat2. 11 Clustering analysis was performed as described previously. 12 
Sequence analysis of cloned small RNAs
Cloning and sequencing of Siwi-and BmAgo3-bound BmN-4 piRNAs were performed as described previously. 13 
Agrobacterium coinfiltration leaf patch assay
BmMLV p15 cDNA was amplified using primers p15_supp_F and p15_supp_R from the BmMLV full-length cDNA clone pHMLV, and cloned into the pE7133 vector (pE7133-P15). 20 The plasmid pE7133-HC-Pro was also generated by inserting the helper component-protease (HC-Pro) gene of Zucchini yellow mosaic virus (ZYMV) Z5 isolate. 21 Subsequently, the fragments between E7 (35S promoter upstream sequence of the cauliflower mosaic virus) and Tnos (polyadenylation signal of the gene for nopaline synthase) of pE7133-P15, pE7133-HC-Pro and pE7133-GUS 20 were subcloned into the Agrobacterium binary vector pCAMBIA2300 22 (designated
35S-P15, 35S-HC-Pro and 35S-GUS, respectively)
. Each of the constructs was transformed into Agrobacterium tumefaciens strain GV2260. Agrobacterium cultures harboring 35S-GFP and 35S-P15, 35S-HC-Pro or 35S-GUS were mixed in equal proportions and coinfiltrated into the Nicotiana benthamiana 16c leaves. 23 After 5 days of postinfiltration, GFP fluorescence was observed and photographed using a fluorescence microscope (M205 FA, Leica) with a cooled CCD camera (DFC450 C, Leica).
Accession numbers
The deep sequencing data obtained in this study are available under the accession numbers DRA003575 (RNA-seq), DRA005085-DRA005087 (piRNA-seq).
Results and discussion
BmMLV belongs to the plant virus genus Maculavirus, but this virus propagates to a massive extent in silkworm cells and establishes persistent infections without strong cytopathic effects. 2, 5 To understand the molecular interaction between this plant virus-like virus and insect cells, we performed RNA-seq experiments using BmMLV and B. mori embryo-derived BmMLV-free VF cells. 5 We used total RNA samples prepared from BmMLV-infected VF cells at 0, 6, 12, 24, 48 and 96 hpi and at 2 wpi. We also performed RNA-seq analysis using VF cells that had been persistently infected with BmMLV for more than 2 years (VF-MLV). 5 We selected 150 DEGs (P < 0.005) between 0 hpi and other samples by DESeq and classified them into 10 clusters based on their expression patterns ( Fig. 1A and B and Supplementary Table S1 ). The expression patterns of some DEGs were verified in RT-qPCR experiments (Supplementary Figs S1 and S2A). Clusters A-F included DEGs with expression levels that transiently increased following BmMLV infection, but remained at basal levels in VF-MLV cells. The expression levels of the DEGs in clusters A, C and D were higher at 2 wpi than at 0 hpi, whereas the DEGs in clusters B and F declined rapidly at 24 hpi and 2 wpi, respectively and then remained at the basal level. Cluster G was the largest cluster and contained 37 genes encoding transcription factors, enzymes and heat shock proteins. The expression of cluster G genes gradually decreased until 96 hpi and they returned to the basal levels in VF-MLV cells. The DEGs in clusters H and I were up-regulated during transient infection and they remained at high levels in VF-MLV cells. Cluster J contained 21 DEGs with markedly higher expression in persistently infected VF-MLV cells than in acutely infected cells. Two genes, Dscam and fasciclin, which have been shown to function in cell adhesion, 24, 25 were included in this cluster. RT-qPCR verified the gradual increases in the Dscam and fasciclin mRNA levels and their high expression levels in VF cells at 2 wpi as well as in VF-MLV cells ( Supplementary Fig. S2A ). Up-regulation of these cell adhesion molecules might lead to the formation of cell aggregates, which were observed frequently during BmMLV infection ( Supplementary  Fig. S2B ). Transcriptome analysis showed that the changes in the mRNA levels of most genes were transient, i.e. the mRNA levels returned to the basal level in the persistent infection stage, whereas the expression levels of a small number of genes, such as cell adhesion molecules, were enhanced and they remained higher even in persistently infected cells. RNA-seq analysis determined the detailed growth pattern of BmMLV in VF cells. Mapping of RNA-seq reads onto the BmMLV sequence detected BmMLV replication from 24 hpi and rapid propagation from 48 hpi. The growth peaked at 96 hpi and decreased slightly at 2 wpi ( Fig. 2A and Supplementary Fig. S3A ). In persistently infected VF-MLV cells, the BmMLV RNA level declined to about 60% of that found in BmMLV-infected VF cells at 96 hpi ( Fig. 2A ). These results demonstrate that BmMLV replication begins from 24 hpi, progresses rapidly until 96 hpi and then declines gradually during persistent infection. We also observed that subgenomic RNA markedly accumulated during BmMLV infection ( Fig. 2B and Supplementary Fig. S3A ). The subgenomic RNA is considered to contain two genes cp and p15.
2 cp encodes a CP, but it is unknown whether p15 actually encodes a functional protein. 2, 5 The p15 RNA expression level was much higher than that of cp RNA, especially in VF-MLV cells ( Fig. 2B and Supplementary Fig. S3A ), thereby suggesting that p15 plays an essential role in the establishment of BmMLV infections in silkworm cells. The putative p15 protein lacks high homology with any known proteins including plant maculavirus proteins, but it shares very low homology (E value ¼ 3e-04) with a hypothetical protein of insect iridovirus (accession number YP_009010649), which suggests that it might be required for infection in insect cells. We established a system where infectious BmMLV virions could be produced via the transfection of VF cells with an infectious BmMLV full-length cDNA clone (pHMLV). 5 To understand the role of p15 in the establishment of BmMLV infection, we generated two cDNA clones that lacked p15 (pHMLV-Dp15) or that possessed a Met codon-defective p15 (pHMLV-p15DMet þ Stop) (Fig. 2C) , and we transfected them into VF cells, before examining virus production in the transfected cells by immunoblotting for the CP protein. We observed CP protein expression in pHMLV-transfected VF cells, whereas we did not detect its expression at all in pHMLV-Dp15-or pHMLV-p15DMet þ Stop-transfected cells (Fig. 2D ). These results demonstrate that p15 protein but not p15 RNA is required for the establishment of BmMLV infections in silkworm cells. Plant RNA viruses often encode RNA silencing suppressors in order to counterattack against host antiviral silencing. 26 To investigate whether p15 protein functions as a RNA silencing suppressor, we performed an Agrobacterium-mediated transient coexpression assay. 27 In this conventional assay, suppression of transgene-induced (Fig. 2E) . These results indicate that BmMLV p15 protein does not work as a viral RNA silencing suppressor in this system. This result, along with the result that CP expression was completely diminished when p15 of the BmMLV infectious cDNA was mutated or deleted (Fig. 2D) Fig. 2A) , thereby indicating the existence of a host silencing mechanism against BmMLV. A previous study showed that an RNAi pathway possibly down-regulates the level of BmMLV rdrp RNA in the B. mori ovaryderived BmN-4 cell line 30 that is known to be persistently infected with BmMLV. 2 Thus exogenous small RNA-mediated pathways might be involved in decreasing BmMLV RNA in persistently infected cells. Since small RNA libraries obtained from BmN-4 cells are available in public databases, 31 a search for BmMLV RNAderived small RNAs was first made by mapping BmN-4 small RNA sequences onto the BmMLV genome. BmMLV RNA-derived small RNAs were found to be expressed from the entire genomic region (Fig. 3A) . These viral small RNAs had a very strong sense-strand bias, and few were mapped to the antisense strand ( Fig. 3A and B) . The small RNAs mapped to the rdrp region varied in length between 20 and 32 nt and they had weak peaks at around 20 nt, which suggests that they belonged to microRNAs (miRNAs) or small interfering RNAs (siRNAs). miRNAs and siRNAs play biological roles by cooperating with Ago1 and Ago2 proteins, respectively. 32 We examined the properties of BmMLV-derived Ago2-bound small RNAs using a small RNA library obtained from BmN-4 cells infected with an Ago2-overexpressing baculovirus. 33 They were mapped to both strands with a weak sense-strand bias (Fig. 3A) , and had a distinct peak at 20 nt (Fig. 3C ). Although this data set was obtained under a different condition from ours, bioinformatic analysis indicates that Ago2-bound small RNAs contain BmMLV-derived siRNAs (vsiRNAs), which are produced from double-stranded BmMLV RNA-derived precursor RNAs. In addition, a distinct peak in the length distribution of small RNAs mapped to the cp and p15 regions was observed at 27-28 nt (Fig. 3B) , which was similar to that observed in the total small RNAs obtained from naïve BmN-4 cells. 13, 34 These small RNAs are probably piRNAs that repress transposon activity by cooperating with silkworm PIWI proteins, Siwi and BmAgo3. 34, 35 In the silkworm piRNA biogenesis pathway called 'ping-pong' cycle, Siwi and 1U piRNA complexes cleave their complementary targets across from nts 10 and 11 from the guide piRNAs. 34 The cleaved 3 0 RNA fragments are subsequently incorporated into another PIWI protein BmAgo3 and processed into mature secondary piRNAs with adenine at the position 10 (10A), which precisely overlap with 1U piRNAs by 10 nt. To determine whether BmMLV RNA-derived piRNAs (vpiRNAs) were loaded correctly into PIWI proteins, we sequenced Siwi-bound or BmAgo3-bound small RNAs from BmN-4 cells and mapped them onto the BmMLV genome (Fig. 3A) . In contrast to the mapping results obtained for the total small RNAs, the Siwi-bound and BmAgo3-bound vpiRNAs mapped exclusively to the subgenomic region, where cp and p15 are encoded (Fig. 3A) . The Siwi-and BmAgo3-bound vpiRNAs had a very strong sense-strand bias, and a small proportion of BmAgo3-bound vpiRNAs were mapped to the antisense strand of the subgenomic region (Fig. 3A) . Siwi-bound and BmAgo3-bound vpiRNAs had peak length distribution of 28 and 27 nt, respectively ( Fig. 3D and E), which are identical to those observed in transposon-derived piRNAs in BmN-4 cells. 13 The Siwi-bound sense vpiRNAs exhibited 1U enrichment, whereas the BmAgo3-bound vpiRNAs lacked this bias ( Supplementary Fig. S4 ). Intriguingly, 10A enrichment was observed in both Siwi-and BmAgo3-bound antisense vpiRNAs ( Supplementary Fig. S4 ), which suggests that some of the vpiRNAs are produced via the Siwi : Siwi homotypic ping-pong cycle, instead of the canonical Siwi : BmAgo3 heterotypic ping-pong cycle. This unique biogenesis feature might result in an extremely strong sensestrand bias in BmMLV vpiRNAs (Fig. 3A) .
To determine the small RNA pathways that are involved in the silencing of BmMLV RNA in BmN-4 cells, we performed knockdown experiments against all four silkworm Ago family genes, Ago1, Ago2, Siwi and BmAgo3. Ago1 and Ago2 proteins are required for the miRNA-and siRNA-mediated pathways, 32 respectively, whereas Siwi and BmAgo3 are core components of the piRNA machinery in silkworms. 34, 35 First, we knocked down Siwi or BmAgo3 mRNA in BmN-4 cells, where the knockdown efficiency was verified by RT-qPCR experiments ( Supplementary Fig. S5A ). As shown in Fig. 4A , the RNA levels of rdrp and cp were higher in Siwi-or BmAgo3-knocked down cells compared with those in the control cells, thereby demonstrating that vpiRNAs are involved in the suppression of BmMLV propagation in BmN-4 cells. Furthermore, we knocked down Ago1 or Ago2 mRNA ( Supplementary Fig. S5B ) and examined the expression levels of rdrp and cp in the knocked down cells. We observed enhancement of both the rdrp and cp RNA levels in the Ago2-knocked down cells, but knocking down Ago1 mRNA did not affect the levels of BmMLV RNAs (Fig. 4B) . To verify whether exogenous siRNA pathway is involved in BmMLV suppression, we knocked down Dicer-2 (Dcr2) which makes siRNAs from long double-stranded RNAs. As shown in Fig. 4C and Supplementary Fig. S5D , we detected cp and rdrp increase in Dcr2-knocked down cells. These results demonstrate that BmMLV replication is suppressed by exogenous piRNA-and siRNA-mediated pathways in BmMLV persistently infected BmN-4 cells. We also observed cell growth inhibition or reduced cell viability in Ago2-, Siwi-, BmAgo3-or Dcr2-knocked down cells (Supplementary Fig. S5C and E). Considering that the percentage of BmMLV RNA-derived RNA-seq reads was surprisingly high, i.e. more than 15% of the total reads in BmN-4 cells ( Supplementary Fig. S3B ), a few fold increase in the intracellular amounts of BmMLV might be fatal for the growth and viability of BmN-4 cells. Next, we investigated whether both vpiRNAs and vsiRNAs are also involved in the suppression of BmMLV replication in BmMLVfree VF cells. We knocked down four Ago family genes and then infected the knocked down VF cells with BmMLV. The RNA levels of cp and rdrp were enhanced only when Ago2 was knocked down (Fig. 5A and Supplementary Fig. S6A ). These results clearly demonstrate that BmMLV is repressed by the siRNA pathway, but not by the piRNA pathway in VF cells when transiently infected with BmMLV. To examine whether the siRNA pathway alone mediates BmMLV suppression in VF cells persistently infected with BmMLV, we knocked down each Ago family gene in VF-MLV cells ( Supplementary Fig. S6B ) and examined the cp and rdrp levels in the knocked down cells. We found that the amount of BmMLV RNA was enhanced only in Ago2-knocked down VF-MLV cells (Fig. 5B) (Fig. 5C) . At 96 hpi, the BmMLV RNA-derived small RNAs mapped to the entire BmMLV genome and they exhibited a weak sense-strand bias (Fig. 5C ). The peak of the length distribution of these small RNAs was 20-21 nt (Fig. 5D-F) , thereby suggesting that they were siRNAs or miRNAs. Given the results of the knockdown experiments ( Fig. 5A and B) , these small RNAs were vsiRNAs. In addition, we sequenced small RNAs prepared from VF-MLV cells and found that the mapping pattern differed markedly from that of BmN-4 cells (Fig. 3A) . The peak of the length distribution of these small RNAs was 20-21 nt and a faint broad peak ranging between 26 and 30 nt was observed for both strands (Fig. 5G) , which suggests that vpiRNAs accumulated at much lower levels compared with the vsiRNAs in VF-MLV cells. These results confirmed our observation that BmMLV was repressed by the siRNAmediated pathway but not by the piRNA-mediated pathway in both transiently and persistently infected VF cells (Fig. 5A and B) .
Two possible mechanisms may explain the different silencing strategies observed in the two silkworm cell lines. First, these two cell lines might simply possess different silencing pathways against foreign elements. BmN-4 is derived from the B. mori ovary 6 and it possesses a complete piRNA pathway. 34 On the other hand, VF was established from B. mori early embryos, 5 but it is unknown whether this cell line possesses the piRNA pathway. Bioinformatics analysis showed that the VF cells actually expressed both piRNA pathwayrelated genes and transposon-derived piRNAs (data not shown), and thus VF cells also have the potential for piRNA-mediated silencing. Therefore, a second hypothesis is possible, which involves the difference in the virus accumulation level in the two cell lines. BmMLV RNA-derived reads accounted for 15.7% and 8.3% of the total RNA-seq reads in BmN-4 and VF-MLV cells, respectively ( Supplementary Fig. S3 ), which indicates that BmMLV accumulated in BmN-4 cells at about two times the level found in VF-MLV cells.
It is possible to speculate that the silencing process against BmMLV developed in two steps: the first is a canonical siRNA-mediated pathway, and then the piRNA-mediated targeting begins when the virus load reaches a certain threshold during persistent infection. If this is the case, then BmMLV will be repressed by both vsiRNAs and vpiRNAs in VF-MLV cells in the future. In general, the de novo production of piRNAs against exogenous elements is considered to require integration into the active piRNA clusters. [36] [37] [38] [39] In this study, we detected BmMLV RNA-derived vpiRNAs in silkworm BmN-4 cells. Southern blotting and genomic PCR clearly demonstrated that the BmMLV genome is not integrated into the genomes of BmN-4, 2 which indicates that BmMLV RNA-derived vpiRNAs are produced in a non-canonical manner. Similar phenomena have been reported in Drosophila ovarian somatic sheet (OSS) cells, 40 Aedes mosquitoes and Aedes cell lines. [41] [42] [43] [44] [45] OSS cells expressed vpiRNAs for several persistently infected RNA viruses, 40 whereas Drosophila did not produce vpiRNA during both acute and persistent viral infections, and thus the piRNA pathway is not required for antiviral defense in adult Drosophila. 46 On the other hand, piRNA pathways play roles in silencing RNA viruses in both adult Aedes and Aedes cultured cells, 45 so the importance of vpiRNA production in antiviral defense systems even differs within the same order (Diptera). In the present study, we discovered that the piRNA pathway also functioned to combat an RNA virus in lepidopteran cultured cells. At present, it is unknown how the host cells recognize non-integrated exogenous elements and produce piRNAs against them, but silkworm and mosquito cells may provide useful systems for exploring this piRNA-mediated silencing mechanism.
In conclusion, the present study determined for the first time the molecular interaction between insect cells and a plant virus-like insect RNA virus. We identified both the host and viral factors that are required to establish persistent BmMLV infections in silkworm cultured cells. Silkworm cultured cells negatively regulate viral growth by siRNA and piRNA pathways, which may prevent lethal infection and allow the virus to establish a persistent infection. On the other hand, BmMLV utilizes a novel protein, p15, to propagate itself in insect cells in an unknown manner (Fig. 6 ). It would be very interesting to understand how the p15 protein controls the host cell machinery during the establishment of virus infections as well as the origin of this protein. 
